Abstract-Recent research in the field of 3-D system integration has looked to the use of inductive-coupling links (ICLs) to provide vertical connectivity without incurring the inflated fabrication and testing costs associated with through-silicon vias. For power-efficient ICL design, optimization of the utilized physical inductor geometries is essential, but currently must be performed manually in a process that can take several hours. As a result, the generation of optimized inductor designs poses a significant challenge. In this paper, we address this challenge in three main contributions: 1) a novel, nonuniform planar inductor layout that exhibits enhanced performance when compared with conventional uniform inductors; 2) a rapid solver for evaluating inductor layouts; and 3) a high-speed optimization algorithm for determining best performing coil pairs. These three contributions are combined as a CAD tool for optimization of ICLs for 3-D-ICs (COIL-3-D) . Results demonstrate that COIL-3-D achieves an average accuracy within 7.8% of finite-element tools consuming a small fraction of the time (1.5 × 10 −3 %), significantly ameliorating the design of ICL-based 3-D-ICs. We also demonstrate that using COIL-3-D to optimize ICL inductor layouts can yield significant performance (up to 41.5% bandwidth improvement) and power (up to 8.1% power improvement) benefits, when compared with layouts used in prior ICL implementations. For these reasons, this paper unlocks new potential for low-cost, power-efficient 3-D integration using ICLs.
I. INTRODUCTION
T HREE-DIMENSIONAL system integration has emerged as a promising "more-than-Moore" technology whereby dies are stacked vertically; increasing device density, shortening interconnect, and hence enhancing the performance of ICs [1] . Typically, research surrounding 3-D integration focuses on through-silicon vias (TSVs) to provide electrical connections between dies, however, incorporating TSVs introduces many additional processing steps, resulting in inflated fabrication and testing costs, in addition to diminished yields [2] . An alternative solution, which overcomes these problems, is the use of inductive-coupling links (ICLs) [3] . Here, planar inductors are fabricated in each stacked die, allowing transmission of ac data via electromagnetic (EM) coupling. These systems can make use of standard CMOS processes (without any additional fabrication steps), reducing costs and enhancing yield.
ICLs are often criticized for their inferior power efficiency (compared with TSVs), and therefore, when designing ICLs, it is essential that the utilized inductor geometries are optimized. Presently, this involves using finite-element method (FEM) tools for EM analysis, and then converting the system's EM characteristics into equivalent circuit models that can be handled by electrical simulators (e.g., SPICE). The layout can then be manually adjusted, and the process repeated until a satisfactory solution is found. Solvers using FEM, however, often take several hours to converge even while analyzing a single geometry [4] . Due to this, determining coil pairs with optimized geometries (which typically necessitates analyzing thousands of geometries) is extremely computationally expensive, if not impossible.
To partially reduce this complexity, all previous work surrounding 3-D system integration using ICLs utilize uniform spiral inductors (where the trace width and spacing remain constant between turns of the inductor) [5] - [8] . While this reduces the design complexity of the system, nonuniform inductor layouts are often more efficient [9] . This paper addresses the challenge of ICL design and optimization, performing detailed analysis of ICL layout requirements, styles, and topologies and proposes a method of rapidly determining optimal coil layouts for ICLs. We bring the work together as a CAD-tool for optimization of ICLs for 3-D-ICs (COIL-3-D) which is a publicly available software tool for integration with inductive link 3-D-IC design flows. The main novel contributions of this paper, therefore, include the following.
1) Detailed modeling and analysis of ICL requirements
considering typical ICL transceivers. 2) Proposition of a graduated width-spacing inductor layout to improve ICL performance. 3) A comprehensive scalable inductor model for simulating the performance of ICL layouts, in addition to mathematical expressions for determining the scalable model parameters that achieves an average accuracy within 7.8% of FEM tools while reducing computational overhead by 67 000×. 4) A refined optimization flow for determining optimized ICL geometries in 3-D-ICs that reduces the number of trial iterations by three orders of magnitude.
This paper extends the work in [10] in the following three ways. 1) Consideration of nonuniform inductor layouts (where track width and spacing vary from turn to turn). 2) Replacing the simple semiempirical solver with a more comprehensive scalable circuit model. 3) Providing a more in-depth analysis of the tool's functionality including a use-case example. We also provide a more detailed discussion of inductor topologies and their performance when used in ICLs. The optimization flow and analysis presented in this paper can be applied to ICLs for data or power transmission between tiers in 3-D-ICs; however, this paper will focus on data communication ICLs as this is their predominant use in 3-D-ICs. Power delivery using ICLs will be addressed in our future work. The remainder of this paper is organized as follows. The background and work related to ICL implementation and optimization are presented in Section II, and the modeling and analysis of ICL requirements are presented in Section III, which conclude with a formulation of the optimization problems which this paper sets out to solve. Following this, Section IV outlines our proposed analysis and optimization approaches, before rigorous evaluation of our proposed approach (Section V) and a usage example (Section VI). Finally, this paper is concluded in Section VII.
II. BACKGROUND AND RELATED WORK
To provide connectivity between stacked dies, research commonly looks to the use of TSVs; vertical electrical connections (passing entirely through each die) for high-bandwidth lowpower communication between tiers. TSVs exist in many flavors, however, each one fundamentally relies upon the substrate of each die being etched, filled with metal, and aggressively polished [11] . These additional fabrication stages introduce mechanical strains within the IC, causing major concerns surrounding yield and reliability [12] .
To address these concerns, more recent research [13] - [15] has looked to contactless 3-D-ICs which circumvent the additional fabrication costs and challenges associated with forming these vias. Contactless 3-D-ICs typically rely on the principle of EM coupling to communicate data vertically between planar inductors fabricated in the upper back end of line layers of each die [6] . The range of this coupling is approximately one-third of the inductor diameter [7] , and as such, when considering coils with outer diameters in the order of hundreds of micrometers, face-to-back stacking is possible [16] . Due to the large size of inductors required for 3-D integration using contactless ICLs, they are often criticized for their poor area efficiency. ICL transceivers can be implemented with a handful of transistors, and therefore, the majority of the area overhead is the inductor layout. For this reason, achieving optimality in the utilized inductor layouts is of paramount importance and forms the motivation of this paper. Commonly, the objective when designing such a system is to maximize power efficiency given a specific area constraint.
A. Electrical Modeling
A range of electrical models exist for simulating on-chip spiral inductors, typically using a π topology [17] - [19] . [5] which assumes that each coil can be accurately modeled by its resistance (R i ), capacitance (C i ), and inductance (L i ). Lumped π models have been demonstrated to exhibit high accuracy when modeling on-chip RF inductors; however, it has been suggested that when considering inductively coupled 3-D-ICs, a simpler resistance, inductance, mutual inductance, and capacitance model can be used [5] . This simpler model is shown in Fig. 1 . This model is widely reported to exhibit sufficient accuracy for evaluating the performance of an ICL, and hence will also be adopted in this paper. The error introduced by adopting this model is assessed in Section V-C.
B. ICL Simulation
Existing works in this domain use a manual simulation flow for evaluating inductor layouts. This involves: defining an initial inductor layout, such as that presented in Fig. 2 with arbitrary parameters, importing this layout into a fullwave field solver for extraction of the system's S-parameters, manually extracting (using curve fitting) a SPICE model of the link and analyzing the overall performance using SPICE. The process can be repeated, adjusting the layout parameters slightly, until two adequate inductors are found. Full-wave simulation is typically performed using comprehensive FEM software packages such as CST Studio or ANSYS HFSS. These solvers provide high accuracy, however, often take hours to converge at a solution. In addition to this, the search for best performing inductors requires analysis of thousands of layouts, making the existing flow extremely time consuming.
Other more rapid solvers include application-specific tools such as SPIRAL and ASITIC [20] , developed for on-chip inductor analysis. These use electrostatic and magnetostatic approximations to provide much faster modeling, however, lack the ability to analyze mutual inductance between vertically stacked inductors, as required for contactless 3-D integration. Similarly, simplified mathematical models are used in [21] , where a set of semiempirical expressions for deriving the power efficiency of an inductive wireless power transfer (WPT) link are presented. Jow et al. [21] , however, focus on WPT for biomedical implants where larger inductors are required, and as a result, many of the approximations used do not hold true in 3-D-IC. The work of Hsu et al. [22] is the only related publication proposing an automated optimization flow for inductive-coupling data links. The authors use a greedy linear optimization algorithm that considers each coil in the link separately to reduce the time complexity of the approach. While this allows the algorithm to complete reasonably quickly, it means that the overall link efficiency may not be optimal. In addition, the authors do not provide a software tool, moreover a standalone set of expressions.
This paper augments these previous works presenting: 1) rapid modeling and analysis for accurately evaluating inductor layouts and 2) a refined optimization flow to rapidly identify best performing ICL layouts. These two elements are combined in COIL-3-D.
III. MODELING AND ANALYSIS OF ICLs
Before presenting an ICL optimization flow, we must first classify the requirements of ICL inductors. To add clarity to the explanations presented in Sections III-VI, Table I summarizes the parameter notation adopted throughout the remainder of this paper. Each parameter is referred to using the notation from Table I , and where applicable the subscripts may be added in the following order: the coil number within the stack (e.g., 1 refers to the bottom coil and 2 the one above it), the turn number, and the segment number (within the turn). As an example, w i, j,k refers to the width of segment k of turn j in coil number i .
In order to derive equations modeling the performance of ICLs, it is first important to consider their circuit implementation. Fig. 3 shows a typical ICL transceiver circuit, representative of those used in prior works [5] , [7] , used as a baseline for the mathematical modeling presented in this section. Here, an H-bridge transmitter is implemented in the Tx die that operates as follows: as the data signal transitions from 0 V → VDD Tx , a short clockwise current pulse, of a duration determined by the pulsewidth delay element, will flow through the coil representing a rising data edge. Conversely, a current pulse of the same duration will flow counterclockwise through the coil when the data signal transitions from VDD Tx → 0 V, representing a falling data edge. The current pulse will be length δ, corresponding to the delay buffer length. In the receiver, a sense-amplifier flip-flop arrangement is typically used to detect these current pulses [23] . Here, transistors M3 form a differential amplifying pair (as highlighted by the dashed box in Fig. 3 ) which, when the T sense signal is high, determine the phase of the received current pulse. The setreset NAND latch can then be used to recover the transmitted data stream. Assuming that a maximum silicon area constraint is defined, the optimization target is typically to minimize the power consumption of the system while communicating data at the operating frequency. The power consumption of the ICL transmitter, over a period of time T (assuming transmission of an equiprobable random binary stream) can be calculated by
where I Tx is the transmit current (which flows through transistor M0, through the coil and to ground through M1, as shown in Fig. 3 ) and P circuit is the power consumed by the supporting transmitter circuitry. The first term constitutes the majority of the power consumption while the latter is negligible in comparison.
The voltage induced in the Rx (secondary) coil is given by the following equation:
where I Tx is the transmitted current, L Tx and L Rx are the inductances of the Tx and Rx coils, respectively, and k is their coupling coefficient. For a given receiver design, V Rx will be constrained by a minimum value (the smallest voltage at which the SAFF will correctly detect pulses), and therefore, the optimization target is to minimize I Rx for a given V Rx ; in other words, to maximize the function V R L /V Tx (η). This is presented in the following footnote, 1 from the equivalent circuit model in Fig. 1 . Using this expression for evaluating the fitness of an inductive channel (provided the electrical coil parameters are known) allows for much faster evaluation of designs than using SPICE, and hence, this numerical method is adopted in COIL-3-D. Provided η is maximized, the transmit current I TX can be minimized by reducing the width of transistors M0 and M1 while still meeting the minimum SAFF sensitivity threshold. 2 This will have the effect of minimizing the system power consumption. Broadly, considering this expression, it can be observed that ICL data efficiency, η, is optimized when k is maximized and the parasitic capacitance of each coil is minimized.
A. Objective Function
In addition to this optimization target, the full optimization problem formulation must also include a number a physical constraints. These are outlined as follows.
The first constraint is that the inductors should be physically realizable without self-intersection. Mathematically, this imposes that
In addition, we must ensure that the self-resonant frequency, f sr , of each inductor in the link is greater than the link's operating frequency. While full-wave modeling is a reasonably accurate method of determining the performance of a given layout when fabricated in a specific technology, due to process variations and physical factors (such as uneven etching, etc.) disparities will always exist between the simulated results and [5] . 2 This process is elaborated on in Section VI.
practical measurements of fabricated layouts. It is, therefore, sensible to include a marginal tolerance factor k t . We, therefore, add the constraint
Bringing these details together, the optimization problem formulation can be expressed as
B. Planar Spiral Inductors
Having established the optimization target, consideration should be given to the specific physical inductor layouts that maximize these expressions. Due to the requirement of achieving EM coupling between the vertically stacked inductors, layouts for ICL inductors should clearly be monolithic, however, a plethora of monolithic inductor patterns and shapes exist. Sections III-B1 and III-B2 review a range of these topologies, evaluating the performance of each for use in ICLbased 3-D-ICs.
1) Square, Octagon, and Circle Topologies: Three of the most common monolithic inductor shapes used in VLSI are square, octagon, and circle. As the axial length of circular spirals is much less than square spirals of the same area, it is widely reported that circular planar inductors offer higher Q-factors compared to their square counterparts (due to their reduced resistance). However, due to their efficient area usage, square inductors can offer higher inductance per unit area [24] , [25] . As finding optimized inductor layouts for ICLs requires maximizing L and minimizing C for a specific area constraint, square inductors should theoretically, therefore, outperform their circular and octagonal counterparts. Based on this assumption, the COIL-3-D tool presented in Section IV will consider inductors of this shape, and empirical evidence to support this assumption is provided in Section V-B where we present results comparing square, octagonal, and circular inductors for data transmission ICLs.
2) Uniform and Nonuniform Layouts: All reported previous works investigating inductive-coupling-based 3-D-ICs use inductor layouts where the width and spacing of each turn in the coil are uniform [5] - [8] . In this paper, we explore the possibility of enhancing the efficiency of ICLs using graduated (or nonuniform) width and spacing parameters. In nonuniform planar spiral inductors, the width and/or spacing between each turn of the coil are different to the last. When implementing the inductive-coupling channel, R i and C i are limited to sets of values which correspond to actual, physically realizable spirals. By varying the track width (which predominantly defines the resistance of the coil) and the track spacing (which predominantly defines the capacitance of the coil) between turns, R i and C i can be much more finely tuned to maximize η.
To investigate nonuniform coil layouts, we introduce two linear graduation coefficients, χ w (for width graduation) and χ s (for spacing graduation). These graduation coefficients describe the linear scaling of track width and track spacing between each turn of the coil and are calculated by
An illustration of a nonuniform coil and its graduation coefficients is shown in Fig. 4 . The coil in Fig. 4 has parameters χ s = 1 and χ w = 0.4. To meet the requirements outlined in Section III, it is necessary to maximize the inductance, L, of a coil while minimizing the parasitic capacitance, C, and resistance, R. When considering nonuniform inductors, the variation in both width and spacing between turns can be carefully exploited to meet these requirements. If we examine the simple spiral inductance equations presented by Mohan et al. [24] (shown in the following equation), it can be observed that the inductance will increase as function of inductor outer diameter and inner diameter (provided that the other parameters remain constant):
where φ is the fill factor given by
To decrease the coil resistance and hence improve performance (cf. Section III), tracks should be made as wide as possible. To widen each of the coil turns while keeping the spacing (s) between them unchanged (such that the coil's selfcapacitance remains unchanged) will decrease the diameter of the central "eye" of the coil, d. As established in (6), this will be detrimental to the coil's inductance. As the outer turns are longer than the inner turns, however, it is sensible to increase their width (and decrease the width of the inner turns) to reduce the resistance while maintaining constant d o and d i . Conversely, a similar technique can be applied to the coil spacing. As the influence of magnetically induced losses is much more significant within the inner turns of the spiral, it makes sense to increase the spacing toward the center of the inductor [26] . Again, empirical evidence to support these claims is provided in Section V-B where we present results illustrating the performance benefits that can be achieved by using nonuniform inductor layouts.
IV. ICL LAYOUT OPTIMIZATION (COIL-3-D)
Having established the optimization targets, in addition to the best performing inductor topologies, this section presents a COIL-3-D. COIL-3-D combines four components in order to quickly and accurately determine best performing inductor layouts for ICLs, in addition to generating associated electrical models for simulation. These four components are as follows.
1) A comprehensive scalable inductor model for accurately approximating the performance of multiturn nonuniform inductors (Section IV-A). 2) A set of mathematical expressions for quickly and accurately determining the scalable model parameters (Section IV-B). 3) A high-speed optimization flow for identifying the best performing layouts (Section IV-C). 4) An efficient software implementation of the abovementioned two elements, which integrates with existing CAD flows (Section IV-D). These four contributions are elaborated in the following.
A. Scalable Inductor Model
In order to quickly and accurately evaluate these parameters, we propose the use of a scalable inductor model (based upon that presented in [26] ) where each turn is considered as a separate segment. The principle of superposition may then be applied in order to distill the model into its simplified lumped equivalent (shown in Fig. 1) . Fig. 5 illustrates this concept more clearly. Here, we see two monolithic square spiral inductors stacked vertically, where every turn of each coil is a single segment which exhibits resistance and inductance while sharing capacitance and mutual inductance with other segments. Considering the inductor in this way facilitates more accurate evaluation than the use of single expressions and allows for accurate evaluation of the nonuniform inductors proposed in this paper. The use of this improved scalable inductor model in COIL-3-D is supplementary to [10] .
B. Parameter Evaluation
In order to determine optimized coil layouts, it is important to establish a method of quickly and accurately evaluating the scalable model parameters for a given layout. Using the expression for η in Section III, this evaluation can simply be performed with knowledge of each segment's inductance, L, and resistance, R, in addition to the capacitance, C, and mutual inductance, M, between segments. To allow for optimization in a reasonable time, we present a set of strictly solvable expressions for evaluating R, L, M, and C which are based upon empirical measurements. Sections IV-B1-IV-B4 outline expressions for deriving R, L, M, and C for each coil segment.
1) Coil Resistance (R):
Other works propose a variety of methods for estimating the resistance of rectangular conductors; however, the most commonly used model is the resistivity equation incorporating high-frequency conduction loss [21] , [27] . While this provides a reasonable approximation when considering micrometer-scale coils (used in 3-D-IC), the yielded values are typically too low. This is due to the proximity effect; close interturn proximity drawing electrons to the edges of traces, hence increasing the apparent resistance by a factor k p known as the proximity factor. In a depth work, deriving differential equations for calculating k p is available [28] ; however, these expressions are not strictly solvable, making evaluation in software very computationally expensive. As such, in COIL-3-D, values of k p (which varies as a function of s) are empirically predetermined and stored in a lookup table for use at runtime. Using these values, the resistance of each coil segment, R i, j,k , is determined by the following equation:
This equation is derived from the fundamental expression for resistance R = ρ /A (where A is the conductors cross section, and is its length). Here, however, the term (ρ/π f μ) 0.5 refers to the skin depth of the conductor at frequency f [29] . Taking this into consideration, A is replaced with the denominator that appears in (7) . Using the principle of superposition, the total resistance of each coil is the linear (series) summation of each of these line segments.
2) Coil Self-Inductance: In addition to the resistance of each line segment, it is also necessary to calculate the selfinductance of each segment within the coil, L i, j,k . For calculating L i, j,k we use [30] 
where γ is an empirically determined constant and is the length of an individual coil segment. Again, using the principle of superposition, the total coil inductance is the linear (series) summation of each of these line segments.
3) Coil Capacitance: For calculating the capacitance between segments, an expression based upon the fundamental capacitance between two long parallel conductors [31] is used, whereby C is proportional to the length of the conducting segment, and is divided by ln[(w + s)/w]. This leads to the following equation:
In this case, to tailor the accuracy to the expression toward micrometer-scale coils (as used in inductive-coupling 3-D-ICs), an additional empirical correction factor, k c , has also been added to improve accuracy. As the number of spaces between segments is equal to n − 1, the total capacitance is the linear (parallel) summation of each of these capacitances from i = 1 until i = n − 1 (as the capacitance across the center is negligible if d i is sufficiently large).
4) Mutual Inductance Between Coils:
Finally, for calculating M, an expression can be derived from Maxwell's equation for the mutual inductance between two air-cored loops. If an assumption is made that the two communicating coils are perfectly vertically aligned, the mutual inductance between two loops over a distance D is given by [32] M a,b,X = 2μ 0 α
where a and b are the radii of the two loops and α = 2(ab/[(a + b) 2 + X 2 ]) 1/2 . Here, K (α) and E(α) are the complete elliptic integrals of the first and second kinds, respectively. As the structure of a planar spiral inductor is not a single loop, moreover a set of n concentric interconnected segments, the approximation is often made that the total mutual inductance is the cumulative summation of mutual inductance between each segment of the Tx coil and every segment of the Rx coil [32] , as illustrated in Fig. 5(b) , leading to the following equation:
Previous works [21] , [27] , [33] suggest the introduction of a correction factor here, g that takes the value g ≈ 1.1. Although practical validation found this model to be reasonably accurate for coils with fewer than 10 turns, when considering inductors with n > 10, the model accuracy deteriorates. This is because as n increases, the assumption of equal coupling between every turn of each coil introduces larger error.
In COIL-3-D, this degradation in coupling is incorporated by a scaling factor, r i, j , corresponding to the Pythagorean distance between turns, normalized with respect to a pair in perfect vertical alignment, such that
We, therefore, replace the single correction factor g as shown in the following equation, where k f is an empirical constant:
C. Optimization Approach
Having presented the optimization objectives of ICLs in addition to the methodology for evaluating a given inductor layout, an optimization flow for determining the best performing ICL layouts must be established. This will replace the manual evaluation and adjustment cycle adopted in the previous works.
Applying exhaustive linear optimization to the problems outlined in Section III-A results in an extremely high time complexity, O(n 8 ). This refers to the fact that as the problem size n increases (in this case by making the grid resolution g smaller), the order of magnitude of the problem increases by a factor of n 8 . As an example, doubling the search space (by halving the technology grid unit) would increase the number of coil-pair permutations to evaluate by 256×.
It has been noted that using the equations in Section IV-B, it is possible to prepredict the fill factor of the optimal coil with high accuracy. Therefore, in order to reduce the computational overhead of the search problem, we introduce an additional catalytic parameter, the fill factor, φ. Optimized inductor layouts typically have a fill factor around 0.4 [21] and, therefore, centering the search around a fixed fill factor avoids the extra computational overhead incurred while evaluating probabilistically nonoptimal designs, e.g., where φ = 0.9. By adding this constraint, the solution space can be refined, and the time complexity reduced to O(n 6 ).
To speed up the algorithm, optimization is further divided into two discrete stages: Rx coil optimization and Tx coil optimization. From the ICL transfer equation (4), it can be observed that η will be maximized when L 2 is maximized, provided that the time constant R 2 C 2 (discussed earlier) in Algorithm 1 Operation of the COIL-3-D Optimization Flow the denominator of the first term is constrained. Therefore, the Rx coil is initially optimized to provide the maximum L 2 within the imposed bandwidth constraints. The Tx coil is then optimized for η which considers the mutual inductance between the pair. Dividing the flow in this way reduces the time complexity of the search to O(n 2 ), without compromising on accuracy. It was also found that the optimization of inductor uniformity could be considered separately to its geometric parameters. As such, to reduce the overhead of the approach, χ s and χ w can be determined after the key layout variables (D, n, w, and s) . This can be performed, again without compromising on accuracy as the sweep of χ s and χ w acts as a fine-tuning stage (results supporting this assertion are presented in Section V-B2). Combining these improvements, Algorithm 1 demonstrates the operation of the COIL-3-D optimizer. First, an optimal value of φ is found using the efficiency equation. φ opt is then used to refine the search space and, incorporating the simplifications outlined earlier, the COIL-3-D optimizer exhaustively searches all parameters to guarantee a globally optimal solution. The proposed approach is also summarized in a flowchart, Fig. 6(b) , for comparison with the existing manual approach flow presented in Fig. 6(a) .
D. Software Implementation
In order to speed up the COIL-3-D solver, dynamic programming (DP) is used where possible. As a single coil is formed from the series superposition of many single turns (each containing four segments), the solutions from previous layouts can be stored and reused. As the most computeintensive stage in the coil evaluation is calculating the elliptic integrals of α (consuming on average 34% of the entire runtime resource), reuse of a previous solution reduces the compute intensity of the algorithm, even when considering the lookup penalty incurred while locating the previous useful solutions. As an example, the mutual inductance between two coils (n 1 = 4 = n 2 = 5, s 1 = s 2 = 1 μm, w 1 = w 2 = 2 μm, and χ w and χ s = 0) can be expressed as shown in the following equation where the second term is the mutual inductance between two coils (n 1 = n 2 = 4, s 1 = s 2 = 1 μm, w 1 = w 2 = 2 μm, and χ w and χ s = 0) which have been calculated previously: This term can be reused, reducing the computational overhead by 80% in this case.
V. EXPERIMENTAL RESULTS

A. Experimental Setup
In this section, the presented analysis and optimization approaches are validated against existing commercial tools. For all simulations, the stackup shown in Fig. 7 was used which is representative of two vertically stacked 65-nm CMOS dies. Here, we assume that the top die has undergone chemical-mechanical planarization to a thickness of 70 μm (in line with realistic fabrication capabilities) and that the dies are attached using adhesive. ANSYS HFSS (a FEM tool) was used as the evaluation benchmark for all tests. The values of each element in the lumped element distilled model were extracted from the system's S-parameters by means of manual parameter fitting.
Using the aforementioned experimental setup, COIL-3-D was evaluated against comparable existing approaches and FEM results. Experiments were performed comparing: 1) the effectiveness of the proposed nonuniform square inductor topology (Section V-B); 2) the accuracy of the lumped equivalent model with respect to broadband fit models (Section V-C); 3) the accuracy of the semiempirical expressions presented for evaluating a particular coil layout (Section V-D); 4) the effectiveness of the COIL-3-D optimization algorithm (Section V-E); and 5) the runtime overheads of COIL-3-D compared with existing approaches (Section V-F).
B. Inductor Topology Evaluation
1) Inductor Shape:
In Section III-B, the analysis was presented suggesting that square inductors will outperform other inductor types (such as circular and hexagonal) when used in ICLs. To justify this assumption, a range of inductors were simulated using FEM with varying layouts at different simulation frequencies. A sample of these results is illustrated in Fig. 8 . Fig. 8(a) illustrates the efficiency (η) of square, octagonal, and circular inductors with the same outer area (200 μm), track width (3 μm), and spacing (1 μm) as the number of turns, n varies. It can be observed that square layouts provide better performance, due to their enhanced area utilization efficiency. Fig. 8(b) shows similar results, however, across a range of frequencies. Again, the square topology provides the highest efficiency across all operation frequencies for a fixed area budget, upholding the earlier assumptions.
2) Inductor Uniformity: In addition to the inductor shape, in Section III-B, we also present the theory to support the use of nonuniform inductors. Fig. 9 presents a selection of our results supporting this analysis. Fig. 9(a) illustrates the transmission efficiency of an ICLs with parameters D = 200 μm, n = 4, w 1 = 3 μm, and s 1 = 1 μm while varying χ s and χ w . In this case, we can observe that using a nonuniform layout can offer efficiency improvements of 3.1% when compared with uniform layouts. Fig. 9(b) illustrates similar results, this time for a completely different inductor geometry (D = 300 μm, n = 7, w 1 = 4 μm, s 1 = 0.5 μm). Again, it can be observed that decreasing χ w and modifying χ s to find the optimal track width and spacing graduation result in an efficiency improvement (5.17%) when compared with uniform layouts. These results uphold the theory that ICL efficiency can be improved by using nonuniform inductor layouts. To demonstrate this more broadly, simulations of the width and spacing graduation tuning process were performed for a range of coil topologies. Results from these experiments are presented in Fig 10. Here, four different coils are "tuned" from uniform layouts (where track width and spacing remain constant from turn to turn) to optimized nonuniform layouts. The title of each graph includes the uniform starting point, the x-axis represents, in 2-D, the magnitude of graduation performed (χ w 2 + χ s 2 ) 1/2 , and the y-axis shows the efficiency, η. For these experiments, χ w and χ s were varied between −0.3 and 0.3 in intervals of 0.1, and the efficiencies of all permutations are evaluated using FEM.
In Fig. 10 , it can be observed that the tuning process offers performance improvements of the link in all four cases, with the maximum improvement achieved by using nonuniform inductors being 29.9% [in case Fig. 10(a) ] and the mean average being 14.25% [across cases Fig. 10(a)-(c) ].
C. Lumped Model Accuracy Evaluation
In addition to validating the layout topology theory presented in Section III, the validity of the simplified lumped equivalent electrical ICL-channel model (presented in [23] ) was examined. Fig. 11 shows a transient simulation of a system's performance while using both the simplified lumped equivalent model (with fitted R, L, M, and C parameters), and a broadband SPICE model extracted using ANSYS HFSS. It can be observed in Fig. 11 that the simulated amplitude of the pulses is similar to the simulated amplitude when using the Transient simulation comparing the performance of broadband fit SPICE channel model (generated by ANSYS HFSS) and the simplified channel model (shown in Fig. 1 ) used in this paper.
broadband SPICE model (with a marginal average error in the received pulse amplitude of around 15%), adequate for the purpose of optimization (provided that the resulting optimal design is thoroughly validated). It is important to note that this marginal error is present in all approaches using the model in Fig. 4 and is of comparable magnitude to the error tolerance of fabricated layouts.
D. Empirical Expression Evaluation 1) R, L, and C Extraction Accuracy:
In order to validate the accuracy of the semiempirical parameter expressions proposed in Section IV-B, R, L, and C were evaluated across a range of coil sizes. Table II shows the extraction accuracy of the R, L, and C expressions for a range of seven randomly generated coils. The results also include the accuracy of approach [21] for comparison. Here, χ s and χ w are set to 0 to allow fair comparison with approach [21] . a) Inductance extraction: It can be observed in Table II that the inductance extraction accuracy of the expressions presented in this paper is very high, exhibiting an average error of 2.5% across the generated inductor layouts. When compared to the approach outlined in [21] , this represents an accuracy enhancement of 91% by using the expressions and scalable model presented in this paper.
b) Resistance extraction: Table II also illustrates that the resistance extraction accuracy of the expressions presented in this paper is very high, exhibiting an average error of only 4.3% across the examined inductor layouts. The expressions perform very well in most cases; however, the approach in [21] performs marginally better than the proposed scalable model approach for inductors that have a high axial equivalent length. These slight errors are unlikely, however, to significantly affect the optimization process, and COIL-3-D still outperforms the expressions presented in [21] by an overall average of 17.5%. c) Capacitance extraction: The final rows in Table II  document the capacitance extraction accuracy of each approach. An average error of 21.1% was exhibited while calculating the capacitance of each of the seven coils. While this may seem high, accurate capacitance evaluation is a challenging task. Our proposed method outperforms those in [21] by 3.7×.
2) Mutual Inductance Extraction Accuracy: Fig. 12 illustrates the mutual inductance extraction accuracy with respect to variation in n, using the semiempirical expressions proposed in Section IV-B4 (the accuracy of approaches in [21] and [33] has been included for comparison). Here, it can be observed that the proposed mutual inductance model improves upon existing approaches, particularly in cases where n > 10 (as hypothesized earlier). On average, an error within 8.6 % of FEM approaches is achieved.
When combining these parameters (R, L, C, and M) to evaluate efficiency, the combined average error was determined to be 7.8%. This represents a 1.17× improvement upon the expressions used in [10] .
E. Optimization Flow Evaluation
The effectiveness of the COIL-3-D optimization algorithm was also explored and compared with both random trial-anderror approaches and the optimization flow outlined in [22] (the only other existing work that proposes an optimization scheme for ICL layouts). To examine the effectiveness of each approach, a layout was sought for an ICL with a maximum area constraint of 200 μm assuming a grid resolution of 0.1 μm (these parameters were set to speed up simulations of each approach to an acceptable level). The same experimental setup outlined in Section V-A was used for evaluation, and the optimization target was defined as η. The results are shown in Fig. 13 . Here, it can be observed that the COIL-3-D optimization flow performs best out of the three examined optimization approaches, finding an optimal solution after just 1500 iterations. The trial-and-error approach did reach the optimal point, however, consumed approximately one billion iterations; six orders of magnitude slower than COIL-3-D. The approach in [22] terminated after approximately one million iterations at a suboptimal solution. This is likely due to the fact that mutual inductance is not considered in the optimization flow [22] to speed up optimization. Interestingly, although the number of iterations used by approach [22] was less than the refined optimization flow proposed here, execution in [22] took a similar time to complete as the elliptic integrals for calculating mutual inductance (which contribute a significant proportion of the compute resource) are not used.
F. Overhead Evaluation
Finally, the execution overheads of COIL-3-D were evaluated. Table III shows the average time taken to evaluate the efficiency of a single ICL using COIL-3-D, the approach in [21] , and FEM. While COIL-3-D is not the fastest of the three approaches explored in this paper, it is approximately six orders of magnitude faster than FEM while maintaining a high average accuracy (within 7.8%). Table IV shows the TABLE II   SEMIEMPIRICAL EXPRESSION ACCURACY EVALUATION OF COIL-3-D FOR PARAMETERS L , R, AND C COMPARED WITH EXISTING APPROACHES Fig. 13 . COIL-3-D optimization approach efficiency compared with random trial-and-error and approach [22] . than each of the analyzed alternatives, with the exception of the approach in [22] which considers the two inductors independently, and hence suffers from reduced accuracy (as discussed in Section V-E).
VI. COIL-3-D EXAMPLE USAGE APPLICATION
To demonstrate the applications of COIL-3-D, this section presents a use-case example based upon [36] , where an ICL is designed for 3-D integration of digital CMOS and analog BiCMOS dies for use in an implantable neuromodulator. Presently, the work uses congruent uniform "off-the-shelf" inductor layouts with the parameters D = 200 μm, n = 5, w = 9 μm, and s = 0.72 μm. The design achieves a maximum bandwidth of 1.6 GHz and to meet the minimum pulse amplitude requirements in the receiver (V R L,2 ≥ 100 mV), requires transmission current pulses of 0.77mA in 0.11-ns durations. This section provides a step-by-step overview of the optimized ICL design process (considering both the transceiver circuits and coil layouts) when using the COIL-3-D tool developed in Sections III and IV. Fig. 14 shows this full design flow from concept through to GDS-II.
The first stage of the process is to define the link specification, including the maximum coil footprint, the technology stackup used in the process, and the minimum voltage pulse threshold that can be successfully detected by the receiving sense amplifier [ Fig. 3(b) ]. In this case, the maximum area was defined as 200 μm × 200 μm (as per the benchmark work [36] ), the receiver sensitivity was defined as 100 mV (again as per the benchmark work [36] ), and the same technology stackup as that in [36] was adopted. Following this, the COIL-3-D tool was run (stage 2) and the best performing layout within the specified dimensions generated (including both a SPICE model of the link and a physical GDS-II file containing the inductor layout). At this point, the SPICE model can optionally be checked using FEM by importing the GDS-II layout for subsequent analysis.
Next, in stage 3, the transmitter circuits were designed. As outlined in Section II, the transmitting current I TX is controlled predominantly by the widths of transistors M1 and M0 (in the ICL architecture in Fig. 3 ). The COIL-3-D tool generates a coil-pair layout that maximizes the efficiency of the inductive-coupling channel, η. The transmitter circuits can, therefore, be designed by increasing the widths of M1 and M0 until the required receiver sensitivity is met, resulting in the full system design (stage 4). This design was simulated in SPICE (stage 5) using the circuit models in conjunction with the inductive-channel SPICE model generated by COIL-3-D in order to obtain power and performance statistics. Fig. 15 illustrates the performance improvements yielded by using the COIL-3-D optimized design flow for the use-case example based upon [36] . For the same scenario, the maximum achievable link bandwidth is improved by 41.5% and, while operating at a data rate of 1 Gb/s (as in [36] ), the required transmit pulse power is reduced by 8.1% equating to a significant power reduction when operating at 1 Gb/s.
VII. CONCLUSION
In Section III, we presented a formulation of the inductor layout optimization problems for ICLs. Detailed analysis of multiple inductor topologies was performed concluding that square nonuniform layouts can provide the highest efficiency for ICL applications. In Section IV, we present the COIL-3-D software tool which consists of: 1) a scalable comprehensive inductor model; 2) a fast mathematical solver for determining model parameters; 3) a high-speed optimization flow; and 4) an efficient DP-based software implementation. Through a use-case example study, we demonstrate that using COIL-3-D to optimize ICL inductor layouts can yield significant performance benefits (41.5% bandwidth improvement and 8.1% power improvement for the presented example). In addition, we demonstrate that the evaluation expressions presented in this paper achieve an average accuracy within 7.8% of finiteelement tools while consuming a small fraction of the time (1.5 × 10 −3 %), unlocking new potential for power-efficient 3-D-IC design using ICLs.
